Abstract: This article presents a brief review of the models aimed to predict the penetration of chloride ions in concrete. The work highlights the two well-known approaches i.e. Fick's laws and Nernst-Planck equation. Difference of opinion about the two approaches as well as within each approach is also elaborated. Diverse accelerated methods for determining the chloride diffusivity in concrete are also described. Different numerical schemes and analytical solutions as adapted in the models are also mentioned. Effort is made to present the models in a chronological way and therefore the presented list is not exhaustive.
reduced cross-sectional area results in reduced strength and the expansive corrosion products around the steel bars exert disruptive tensile stresses on the surrounding concrete. If the resultant tensile stress is greater than the concrete strength, concrete cracks appear, leading to more changes by allowing water and chlorides direct access to the steel bars [1] . As the corrosion proceeds, these cracks widen leading to the complete spalling of concrete as shown in Figure 2 . 
Review
Chloride induced corrosion is one of the most serious concerns of the civil engineering casting billions of dollars to construction industry [2] . A predictive model focuses at calculating the chloride profile C(x, t) i.e. the concentration of chlorides in concrete as a function of distance x from the exposed surface and the time of exposure t to chloride-containing environment. Corrosion is supposed to initiate once this C(x, t) at the steel bar (embedded in concrete) equals/exceeds a certain threshold value [1] : This is schematically described in Figure 3 . 
Rust
Equation (1) is known as Fick's 2nd law of diffusion. In this equation, C is the concentration of the species at a point as a function of its distance from the exposed surface x and the time of exposure t, and D is the diffusion coefficient of the species. By solving this equation, the concentration of species as a function of distance and time i.e. C(x, t) can be obtained. For constant surface concentration, C (0, t) = Cs, an error-function solution to equation (1) is proposed: This is given by equation (2) here [4] :
In equation (2), Ci is the initial species concentration inside the semi-infinite medium (refer to Figure   3 ). Equation (2) was the equation used by Mario Collepardi for the first time to calculate the chloride concentration profiles in saturated concrete medium [5] .
The parameter Da in equation (2) is termed as the apparent diffusion coefficient of chloride. It is a measure of the magnitude of diffusion of chlorides in concrete porous solution and is independent of time or the age of the concrete. Actually, the pore solution of concrete is refined with the age and is blocked by the hydration products, therefore, Da decreases with time [6, 7, 8] . Similarly, the chloride surface concentration is also not constant but it varies with the exposure time. Hence, further instead of a static Da and Cs, time-dependent Da and Cs were proposed [9, 10] : The time dependency of Da is represented by equation (3) [11] . 
Where Da,r is the apparent diffusion coefficient of chloride measured at a reference time tr, and is the age factor. To include the time dependency of Cs, Mejlbro et al. proposed Mejlbro-Psi function Ψp [12, 13] instead of the error-function as represented in equation (2):
Again note that Cs is time dependent in equation (4) .
Determination of chloride diffusion coefficient by natural immersion demands a lot of time of the order of years, therefore, accelerated methods were developed so that it could be determined within an appropriate time period and both the natural and accelerated diffusion coefficients were related to each other with some empirical factor; an example is shown in equation (5) [14] :
Equation (5) is the central equation of the Duracrete model. In this equation, the factor kc stands for curing conditions, ke for degree of saturation, and kt is a factor which co-relates the natural and accelerated diffusion coefficients. DRCM,r is the diffusion coefficient measured using NT Build 492 accelerated test method [15] . The same age factor of accelerated and apparent diffusion coefficients produced a lot of confusion among the research groups [16] . Later it was pointed out by Nilsson [17] that the age factor of apparent diffusion coefficient (equation (3)) as determined by an instantaneous method (e.g. NT Build 492) is different from that of apparent diffusion coefficient (equation (3)) and the two should not confused with each other.
With the advancement of computers, certain research groups started using numerical schemes to solve equation (1) 
Free, bound and total chlorides
Concrete is highly reactive: Therefore, not all chlorides infiltrating concrete reach the steel; many are trapped by the cement matrix, both physically and chemically [21] : The process is known as chloride binding. Also not all the chlorides inside concrete are responsible for corrosion; indeed, these are the chlorides, which via moving through porous solution, reach the steel: These chlorides are termed as free, the chlorides trapped by the cement matrix as bound and the sum of two as total chlorides [22] .
Chloride binding in concrete is dominated by the content of C3A and C4AF of its cement regardless of the chloride source. Both C3A and C4AF form Friedels salt with chloride containing salts while the chloride sorption is mainly controlled by the amount of CSH gel [23] . To determine the free chloride profiles, normally binding isotherms are incorporated in the models. Two binding isotherms are commonly used; Freundlich and Langmuir shown by the equation (7) and equation (8) respectively. Freundlich isotherm was proposed in 1909 by German-American physical chemist H. M. F. Freundlich that relates adsorption of a quantity of gas adsorbed by unit mass of solid adsorbent with pressure [24] . In 1916, I. Langmuir proposed his theoretical model for the variation of adsorption with pressure [25] .
The Cb represents bound chlorides, C the free chlorides, the water content and and are the constants. Analogously, the chloride binding phenomenon is tackled in the models with either one of the above isotherms [20] or a combination of the two [1] .
Multi-species Theory
The Multi-Species Theory (MST) was founded on the grounds that the diffusion of chlorides represented by Fick's laws (equations (1) and (6)) treats chlorides as molecules, while actually chlorides are charged particles or ions; chlorides are also not alone in the whole scenario, rather they are accompanied by a handful of other positively and negatively charged particles and thus their movement is influenced by the presence of other charged particles [26, 27, 28] . In MST, the electrical coupling between different species within the concrete porous solution is computed by the principle of electro-neutrality; this is given by equation (9) as follows:
In the above equation, Ci stands for the charged species (Cl-, Na+, OH-, K+, Ca2+) present in the porous solution and Zi stands for the valance number of the species [29] . The principle of electro-neutrality states that a bulk matter cannot have a chemically-significant unbalance of positive and negative ions [30] : As an example, the model MsDiff assumes that the binding of one chloride ion is balanced by the release of one hydroxyl ion [1] . The transport of the ions is computed by the Nernst-Planck equation (10) [32, 33] .
In equation (10), R defines the ideal gas constant, T is the temperature, F is the Faraday's constant and ∂E ∂x represents the electrical potential gradient and Vi is the convection velocity. The first term on the RHS of equation (10) represents the flux due to diffusion, the second term denotes flux due to electro-migration and the third term due to moisture or pressure gradient (convection). Now, considering the situation where there is no convection, equation (10) reduces to (11):
The Nernst-Planck Equation gives us i equations with i+1 unknowns: The electro-neutrality equation
given by the equation (9) provides an extra equation. During the species movement, the current should be equal to 0; this is given by the current law equation (12 ) [1, 33] :
In another approach, adapted in the model STADIUM (Software for Transport and Degradation In Unsaturated Materials) a volume-averaged version of the extended Nernst-Planck equation [28, 34] is employed: This is given by equation (13) here: 
Effect of temperature
When heat is added to a substance, its particles gain kinetic energy and start moving with higher speeds. At higher temperature, the rate of chemical reaction will also be higher. The relationship between the rate of reaction and the temperature is given by Arrhenius law, whose mathematical representation is presented as equation (14) [36]:
Where k is the rate coefficient, A is a constant, Ea is the activation energy, R is the universal gas constant, and T is the temperature. In the predictive models, the effect of temperature on the chloride diffusivity is taken into account by using Arrhenius law; given by equation (15) [37, 38] :
Where D1and D2 are the diffusion coefficients at T1 and T2; Ea is the activation energy of chloride transport in concrete.
Chloride diffusion coefficient
The chloride diffusion coefficient can be determined either by natural process or by accelerated means. Various methods have been developed by different research groups. Naturally it is determined by placing a thin concrete section between two solutions of equal alkalinity with the upstream compartment containing a known quantity of chlorides [1] : This method requires a lot of time of the order of several years. Accelerated methods are of short durations and are preferred by everyone. NT Build 443, also known as immersion test needs some 35 days [39] : The method implies a very high quantity of chlorides (165 g-l-1 NaCl). A similar test method is developed by AASHTO, known as salt ponding test [40] . Other accelerated methods make use of electrolysis processes: The important methods include LMDC [41] , RMT [42] , NT-Build-492 [15] , RCPT [43] .
Diffusion coefficients of other species
The diffusion coefficients of some charged particles in water are given in Table 1 . The model MsDiff assumes that the ratio between the diffusion coefficients of different species is the same as found in water in accordance with equation (16) 
Knowing the ratio on R.H.S. of equation (16), and the DCl by the accelerated methods, the parameter Di (that of Na+, K+, OH-) can be calculated by using equation (16).
Concrete Pore solution composition
The composition of the concrete pore solution can be determined from pore expressing apparatus, in which a loading pressure is applied to extract concrete pore solution for further analysis [44] . Van
Eijk et al. have proposed a numerical model CEMHYD3D for predicting the concrete pore solution composition [45] .
Summary
Based on the above deliberations, the predictive models are broadly classified into empirical and physical models. In empirical models the chloride concentrations are predicted from analytical or numerical solutions to Fick's 2nd law of diffusion. In Physical models, the chloride transport and chloride binding are described with separate physical expressions [46] : Additionally, the effect of moisture changes, a number of fluxes and interactions between the charged particles are also included [17] . The distribution of different models in the above two categories is given in Table 2 and the main physical expressions adapted by the physical models are summarized in Table 3 . Table 2 Chloride Diffusion Models: Central Equations Models Name Governing equation
Empirical
Collepardi [5] Analytical Error-Function Solution to Fick's 2nd law of diffusion (equation (2)) LightCon [46] Bamforth [47] Duracrete [14] Nilsson [17] M | J | E | A | S (3)) Hetek [49] NIST [50] Numerical solution to Fick's 2nd law of diffusion (equation (1)) LIFE-365 [51] Physical ClinConc [20] Numerical solution to mass balance equation in combination to Fick's First of diffusion (equation (6)) Toronto [52] MsDiff [1, 53, 54] Numerical solution Nernst-Planck equation (equation (10), (11) and (13)) Johannesson [55] STADIUM [56] The apparent chloride diffusion coefficient appearing in equation (2) is derived by evaluating experimental chloride profiles [56] . The time dependency of the diffusion coefficient, given by equation (4) is taken into account by an age factor. The test methods used to determine the chloride diffusion coefficient in physical models are named in Table 3 and the numerical schemes adapted by the models are given in Table 4 . In MsDiff, the diffusive part of equation (10) with a second order Cranck-Nickolson scheme and the convective part with an upwind Lax-Wendroff scheme. In STADIUM, the coupled equations are solved by FEM, using Euler implicit and adaptive time steppings.
Conclusions
Quantitative projections of future deterioration involving chlorides ingress can be performed by mainly taking into account the concrete cover variability, chloride diffusivity, chloride surface concentration, and chloride binding etc: Regardless of their time-dependency. The empirical models are relatively easy to use although they completely neglect the other ions present in concrete pore solution. The physical models need a large number of input parameters, each as a function of several other parameters: This makes a question mark on their user-friendliness. The models are largely based on laboratory data. It is also a fact that these data are difficult to use in natural exposure conditions. There is also a very serious lack of a homogenous set of data. The models represent individual parts of phenomena, consider simplifications which don't occur in nature, or have variables and parameters difficult to obtain in laboratory and/or field experiments.
